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SECTION 1 

INTRODUCTION 

The general objective of the contract  -a t o  improve our knowledge 

of the meteorology of the planets Mars, Venus, and Jupiter.  

emphasis i s  placed on the thermal s t a t e  and c i rcu la t ion  regimes i n  these 

planetary atmospheres. 

Primary 

Research during the past  three months has been devoted to: 1) 

development and programming of a model f o r  computing the v e r t i c a l  d i s t r i -  

bution of radiat ive equilibrium temperature from the surface to  the top 

of a planetary atmosphere with a complete cloud cover (such a s  the Venus 

atmosphere); 2) study, development, and appl icat ion of models f o r  es t i -  

mating average wind ve loc i t ies  and the general c i rcu la t ion  charac te r i s t ics  

of the atmosphere of Venus; 3) development of a model f o r  computing the 

v e r t i c a l  d i s t r ibu t ion  of radiat ive equilibrium temperature above the 

clouds of Jupi ter ;  and, 4) estimation of maximum winds l i ke ly  t o  be 

encountered near the surface of Mars. 
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SECTION 2 

METEOROLOGY OF VENUS 

2.1 RADIATIVE EQUILIBRIUM TEMPERATURE DISTRIBUTION IN THE VENUS 
ATNOSPHERE 

I n  Quarterly Progress R e p o r t  No. 1, a model was developed f o r  cow 

puting the radiat ive equilibrium temperature d is t r ibu t ion  of the e n t i r e  

atmosphere of a planet, such a s  Venus, t ha t  has a complete cloud cover. 

It was assumed t h a t  the atmosphere above and below the  cloud was grey 

i n  the infrared and tha t  the cloud behaved a s  a black body f o r  infrared 

radiation, 

1) the  atmosphere above and below the cloud i s  i n  infrared radiat ive 

equilibrium, 2) the upward infrared radiat ive f lux  a t  the top of the 

atmosphere i s  equal t o  the incoming so lar  radiation, and 3) the net 

infrared radiat ive f lux  a t  the surface i s  equal to  the incoming so lar  

radiation, Application of these conditions led t o  equations f o r  cow 

puting the ve r t i ca l  d i s t r ibu t ion  of radiat ive equilibrium temperature. 

The necessary parameters and the i r  adopted values were: 

The following r a d i a t i v e  equilibrium conditions were applied: 

. 

T = 7.0 T~ = 6.86 

T~ = 6.995 
g 

Te = 237OK 

To = 700°K 

2 



where T 

To is  the surface temperature, T 

atmosphere, T~ i s  the  infrared opacity level  of the cloud-top, and T 

i s  the infrared opacity level  of the cloud-base. 

increased upwards from a value of zero a t  the surface. 

d i s t r ibu t ion  computed with t h i s  model was unreal is t ic ,  

i n  the sub-cloud layer were essent ia l ly  isothermal a t  a value of about 

696OK, while the temperatures i n  the above-cloud layer  decreased from 

237.3'K a t  the cloud-top t o  s l igh t ly  less than 199'K a t  the top of the 

atmosphere; there  was a temperature drop of 456'K from the cloud-base to  

the cloud- top. 

t h i s  model i s  probably largely due t o  the assumption of a completely 

black cloud cover. 

i s  the e f fec t ive  temperature of the incoming so lar  radiation, 
e 

is the infrared opacity of the en t i r e  
g 

b 

In the model, opacity 

The temperature 

The temperatures 

The unreasonable temperature d is t r ibu t ion  obtained with 

To remedy th i s  defect, tie are developing a model i n  

which the cloud is  not a perfect absorber of infrared radiation. 

L e t  us r e t a i n  the same basic model as before, but l e t  us now assume 

tha t  the cloud cover has an emissivity E: and a transmissivity (1-E) f o r  

infrared radiat ion rather  than an emissivity of 1 and a transmissivity 

of zero. The net  f lux  of infrared radiat ion a t  any level  T above the 

cloud-top can now be wri t ten a s  

P(T) = ZE Bc E3(' - T ~ )  + 2 j  B ( t )  E 2 ( ~  - t ) d t  

B ( t )  E * ( T ~  - t ) d t  (1-€)2E3(7-Tc) + [2Bo E3(7b) + 2 s" 0 I 
- 2 f g B ( t )  E 2 ( t  - r ) d t  

T 
3 



8 
c 

-a 

where F i s  the net  f l u x  of infrared radiation, T is infrared opacity, B 

is black body flux, the E's are  exponential integrals ,  and the subscripts 

0 ,  b, c, and g r e f e r  to  the surface, the  cloud-base, the cloud-top, and 

the top of the atmosphere, respectively. 

The net  f lux  of infrared radiation a t  any level below the cloud-top 

can now be wri t ten a s  

T 

F(T) = 2B0 E 3 ( ~ )  - 2~ Bb E 3 ( ~ b  - T) + 2 1  B ( t )  E2(7 - t ) d t  

( 2) 
0 

T 

- 2JbB(t)E2(t-~)dt - [ 2 p B ( t ) E 2 ( ~ g - t ) d t  I (1-€)2E3(Tb-T). 

Applying the radiat ive equilibrium condition 

c= 0 ,  d.r (3) 

we obtain the following relationships 

Above cloud: 

(1 -E) E2(7 - rC) 
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Below cloud: 

0 
( 5 )  

+ 2[ f g  B(t )  - t)dt](l - E) E2(rb - T) 
?C 

Applying the  condition t h a t  the  upward infrared rad ia t ive  flux a t  

the  top of the atmosphere must balance the  incoming s o l a r  radiation, we 

obtain 
.r 

‘g 
2e BcE3(rg - rC) + 2 1  B ( t )  - t ) d t  + 

+ Z f B ( t )  E2(Tb-t)dt (1 - E ) ~ E  (7 -T ) = U Te 4 1 3 g c  
0 

where Te i s  the e f fec t ive  temperature of the  incoming s o l a r  radiation. 

From the condition t h a t  t he  net f luxes of inBrared radiat ion a t  t he  

cloud-base and cloud- top a r e  equal, we obtain 

2B 0 3  E (T b ) - &Ib + 2fB(t)E2(~b-t)dt  - ~PB(,)E 2 g  (r - t ) d t  (1-4 = 

0 

s” B ( t) E2 ( rb- t) d t (1- E) - 2 B ( t> E2 ( t- rc) d t  
2BoE3(-rb) + 2 1 s’” 

?C 
0 
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. 
Equations ( 4 ) ,  (9, ( 6 ) ,  and (7) provide a system of equations t h a t  

can be solved numerically for the  d is t r ibu t ion  of B and - since B i s  

proportional t o  T4 - the  d is t r ibu t ion  of T above and below the clouds, 

and f o r  the values of B and T a t  the cloud-base and cloud-top, 

sary input parameters are T e, To, rg, -rc, and rb. 

being programmed f o r  a computer and r e s u l t s  are expected during the  next 

quarter  . 

The neces- 

This model is current ly  

2.2 CIRCUIATION STUDIES 

In  Quarter ly  Progress R e p o r t  No. 1, we reported on the  development 

of and computations with 1) a model f o r  estimating the  average horizontal  

ve loc i ty  i n  the Venus atruosphere (Haurwitz model), and 2) a model f o r  

determining the  c i rcu la t ion  pat tern i n  the Venus atmosphere (sea-breeze 

model). Both models considered Venus to  be nowrotating. The resu l t ing  

winds were due, i n  the f irst  model, t o  a difference i n  rad ia t iona l  heating 

between sub-solar and ant i -solar  points, and, i n  the second model, t o  a 

temperature gradient between sub-solar and anti-  s o l a r  points. 

appropriate range of the  necessary parameters, the  maximum wind ve loc i t i e s  

varied from 8 t o  33 m/sec. 

two other  theore t ica l  models f o r  estimating the  c i rcu la t ion  cha rac t e r i s t i c s  

of t he  Venus atmosphere. This tmrk i s  summarized here. 

For an 

During the  p a s t  quarter,  we have considered 

F i r s t ,  a model due to  Mintz (1962) is used t o  compute the  mean wind 

Since Venus i s  considered a s  a synchronously ro ta t ing  planet, velocity.  

6 



the energy radiated to  space in  the dark hemisphere must be replaced by 

an energy transport  across the terminator from the s u n l i t  side. Using a 

simple two- layer model atmosphere and considering equal mass distribution 

in these two layers, Mintz obtained a formula f o r  the mean wind ve loc i t ies  

a t  the middle  levels  i n  each layer. In  t h i s  model, the wind speeds a t  the 

middle level  of the top layer  a r e  equal to  the wind speeds a t  the middle 

leve l  of the bottom layer, but the direct ions a r e  opposite. 

i s  

H i s  formula 

where a = radius of Venus. 

= surface pressure. 
PS 

y = v e r t i c a l  temperature gradient. 

yd = - -& = adiabatic temperature gradient. 

T2 = 

C 
P 

2 = temperature a t  middle level  of the atmosphere T1 + T3 

= subscripts refer  t o  the d i f fe ren t  levels  of the atmos- ( )1,2,3 

phere. 

i s  1/4 of surface pressure, p,. 

level  a t  which p = 1/2 ps, etc. 

Level 1 re fe r s  to the leve l  a t  which pressure 

Level 2 re fe rs  to  the 

Q = Stefan-Boltzmann constant. 

R / m =  gas constant f o r  atmosphere with molecular weight, m. 

g = gravi ta t ional  acceleration. 

= infrared brightness temperature. Te 

v1 = veloci ty  a t  pressure surface 1 / 4  ps a t  terminator. 

7 



The l e f t  hand side of the formula represents the outgoing energy i n  the 

dark hemisphere and the r igh t  hand s i d e  represents the energy t h a t  must 

be transported from the sun l i t  side. With the following data 

ps = 10 atm. 

TP = 580°K 

T = 237OK (Sinton, 1963) g = 8.4 m/sec 

R / m =  3x106 cm2/sec2 deg 

6 a = 6x10 m 

2 
e 

u = 5.7~10-~erg/cm 2 /sec/deg 4 
Y / T d  = 9/10 

t o  be One obtains the veloci ty  a t  level-  3ps 
4 

v3= -1.0 m/sec 

where the negative sign represents a wind direct ion toward the  s u b s o l a r  

point. 

t h i s  value, o r  

I f  we extrapolate t o  the surface, the wind veloci ty  would be twice 

v4= -2.0 m/sec. 

This velocity i s  the smallest wind velocity we have obtained from 

any of the theoret ical  models used thusfar. 

estimate of the mean surface wind velocity, we must t e s t  and compare the 

r e su l t s  of a l l  available models  of the  general circulation. 

In  order to  obtain a r e a l i s t i c  

The following model of the circulat ion is based on a driving force 

due t o  a net  gain of radiat ional  energy a t  the s u b s o l a r  point and a l o s s  

of radiat ional  energy a t  the ant i -solar  point. A two dimensional l inear  

a 



model i s  used - tha t  is, the circulat ion i s  represented on a v e r t i c a l  

plane extending from the sub-solar point to  ant i -solar  point and the 

planet ' s  curvature is  neglected. 

i s  negligible, motion i s  mainly i n  the meridional direct ion (here we 

define the meridional direction i n  the direct ion of l ines  joining the sub- 

so l a r  and ant i -solar  points). 

motion i s  assumed t o  s tar t  from re la t ive  res t ,  

motion, energy equation, and equation of continuity can be simply wri t ten 

a s  

Since the e f fec t  of rotat ion of Venus 

To keep the mathematics tractable,  the 

Then, the equations of 

where 

2 a+ 
ay v v v =  - 

K J T + I h = +  2 

P 

Q = non-adiabatic net heating, 

c = spec i f ic  heat a t  constant pressure. 
P 

v , K  = eddy viscosi ty  and eddy heat conductivity respectively, 

(here we assume v l K  = 1). 

v = veloci ty  i n  the  meridional direct ion ( i n  y-direction). 

u) = * = ver t i ca l  velocity i n  pressure coordinates system. d t  

T, p = temperature and pressure respectively. 

V* = Laplacian operator. 
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(0 = geopotential height. 

R = gas constant for Venusian atmosphere. - 
T ae r = s t r a t i f i c a t i o n  fac tor  = -g 5 = b;; 

first approximation, I' is assumed t o  be - Bo/po). 

rd = d r y  adiabat ic  lapse rate.  

6 = potent ia l  temperature. 

From the equation of continuity (ll), we may write 

v = T p  

and 
a = - $  

where $ = stream function. 

and eliminating 4 by using Equation ( 9 ) #  we obtain 

Substituting Equation (12) in to  (8) and (10) 

and 

I f  we approximate the eddy viscosity and heat conductivity by Rayleigh 

f r i c t i o n  and Newtonian conductivity, i.e., by replacing vl? by c, and 

eliminating T from Equation (13) and (14),we obtain 

Let 

10 



Equation (15) can be then wri t ten as 

Let the  net  non-adiabatic heating, Q, a s  a function of l a t i t ude  and pres- 

sure, be represented by 

where 

0 

S = the so la r  constant a t  Venus' distance from the sun. 

A = the  planetary albedo. 

a = 1,916 

papo = pressure and surface pressure respectively. 

DN(y) = variat ion of absorption of so la r  radiat ion as a function 

of l a t i t ude  alone. 

W = long-wave radiation i s  a constant over a l l  horizontal  

surfaces 

J1 = Bessel function of the  f i r s t  kind of order one. 

Further l e t  

If = DqJ1(crq)f 

f = the horizontal  dis t r ibut ion of stream function. 

11 



In the above definit ions,  the ve r t i ca l  p ro f i l e  of the net  energy is 

assumed proportional t o  qJ (aq) and the horizontal  d i s t r ibu t ion  i s  assumed 1 
proportional to  I& 

and y.fi and zero between ye3 to  y=L as shown i n  Figure 1. 

where N i s  assumed as a cosine function between y=O 

Substi tuting and Q in to  Equation (16) and lettrng $y = 8 (9 repre- 

senting the angle between s u b s o l a r  point and any point on the surface 

along the meridional direction),  one obtains 

where 
2 2 2  a c a  

8 
RBO 

c l=  
I=-  POa 

B c  * 
O P  

The function N can be approximated by a Fourier cosine series i n  a range 

between 0 and x a s  

where a 

2 x ’  
0 1  - . c -  

m 
a 

el 

1 
al ’? 

m 

a t  .$> 2 ,  .& 2m - a 

The function f i n  $ can be assumed a s  a Fourier sine se r i e s  
00 

f s 2  1 bn sin L K ~  
Yr 

n= 1 

12 
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Figure 1 .  Horizontal d i s t r ibut ion  of N and W/D. 
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Substituting (18) and (19) into Equation (17), then multiplying sin ncp 

and integrating 9 f r o m  0 to A, one obtains 
a0 

-(a 2 + p ) b n = - h { $ B + ~  (- 1 p - l  } 
(4m -1) llFl 

or 

1 n = l  

More explicitly 

- 21 
b2 - 3(4  + p) 

41 
15(16 + p) b4 = - 

- 6X 
b6 - 35(36 + p) 

a 

14 



Therefore, the stream function $ and veloci ty  v can be wri t ten as 

s i n  4r.p 

x A t  the  terminator, i.e. cp = 3 Equation (22) becomes 

With the same values of the parameters used i n  Quarterly Progress 

Report No. 1, I) i s  about 3.5x10-6cal/gm/sec. 

fo r  t h i s  model and other models are shown i n  Table 1. 

The computed wind ve loc i t ies  

The f i r s t  two r e su l t s  a r e  obtained from Quarterly Progress Report 

No. 1. 

to  t h a t  based on Mintz's model. 

The present model yields  a smaller wind velocity,  which i s  close 

The h o r i z m t a l  d i s t r ibu t ion  of v with l a t i t u d e  of the model (up t o  

The stream function i s  plotted second harmonics) is shown i n  Figure 2. 

i n  Figure 3. It i s  seen tha t  the maximum surface veloci ty  is not a t  the 

15 



TABLE 1 

Estimated surface leve l  rdnd ve loc i t ies  in the Venus 
atmosphere obtained from different  models. 

Ve l o c i  ty  
(dsec) 

33 

1. l o  
2.75 

0.20 
0.50 

Remarks 

7 2  
Y = K = 10 cm /sec 

(maximum veloci ty  is a t  7 km above 
surface). 

-5 c = 10 
pause level. 

/sec;at  surface and tropo- 

aT = - 8'/km;at surface and tropo- aZ 
pause level. 

= -8O/km, maximum -5 c = 10 /sec, 

value a t  rp a 70° l a t .  

a t  surface level;  

a t  top of the atmosphere. 
.-_-----------------________________( 

-5  c = 10 /sec, $ = -50/km, maximum 

value a t  cp 2 70° l a t .  

a t  surface level;  

a t  top of the atmosphere. 
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Figure 2 .  Horizontal d is tr ibut ion of velocity v with l a t i tude .  
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O f G 4 6 3 -  330s 

I I I I 1 I I I 1 

0 
a 
a C  c\! rc! e. In W F- a, cn 0 - 

- \ 

0 0 0 0 0 0 0 0 0 

3 Figure 3 .  Stream f i e l d  ($ is i n  un i t  of 2.33~10-~ gm sec- ). 
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. 

terminator but on the sun l i t  s ide  a t  somewhere between 60' and 70° l a t i t ude  

on our scale. The center of the ver t ica l  c i rcu la t ion  i s  also located a t  

the same l a t i t ude  and the circulat ion is  not symmetrical. The asymmetry 

of the c i rcu la t ion  i s  probably due t o  the asymmetry of the gradient of the 

non-adiabatic heating. 

f l ux  of heat  i n  the area immediately surrounding the sub-solar point. 

Since no ne t  energy can be retained in a horizontal  slice, the area of 

upward motion is smaller than the area of dowmmrd motion. As to  the 

asymmetry i n  the v e r t i c a l  d i r ec t ion , i t  is mainly related to  the v e r t i c a l  

p ro f i l e  of the non-adiabatic heating function, Q, which ve assumed to  be 

asymmetrical f o r  mathematical simplicity. 

radiat ional  heating function in  the Venusian atmosphere is  necessary. 

the maximum i n t ens i ty  of the heating function i s  sh i f ted  downward i n  the 

atmosphere, then the en t i r e  c i rculat ion pat tern vould a l so  s h i f t  downwards. 

This asymmetry probably causes a strong upward 

Further invest igat ion of the 

If 

The range of wind veloci ty  estimates shorm i n  Table 1 serves to  

indicate  the present uncertainty i n  vind ve loc i t i e s  i n  the Venus atmos- 

phere. 

of the models. 

It is hoped tha t  t h i s  range can be narroved down by refinement 

19 



SECTION 3 

METEOROLOGY OF WRS 

3.1 ESTIMATION OF MAXIMUM WIND NEAR THE SURFACE 

A landing vehicle descending through the Martian atmosphere w i l l  be 

I f  subject to  horizontal  transport  by the prevail ing atmospheric winds. 

there  a r e  surface r e l i e f  features  on the planet, such a horizontal  trans- 

port  may lead to  possible damage of the vehicle a s  it is carr ied horizon- 

t a l l y  to  a co l l i s ion  with the solid surface. To properly design f o r  such 

a poss ib i l i ty ,  it is desirable to have an estimate of the maximum wind 

l ike ly  to  be encountered near the surface. 

the problem of estimating maximum winds near the surface. 

We have s ta r ted  to  look in to  

The strongest surface wind ve loc i t ies  i n  the t e r r e s t r i a l  atmosphere 

a r e  found i n  tornadoes and typhoons o r  hurricanes. 

estimating the maxinnrm surface wind speed f o r  a convective vortex, such a s  

a hurricane, has been derived by Kuo (1959). 

An expression f o r  

20 



where v = maximum tangential velocity. 
maX 

C 

C 
7 = 9 = the r a t io  of spec i f ic  heat a t  constant pressure 

V 
to  the specif ic  heat a t  constant volume. 

R = gas constant f o r  the atmosphere. 

= surface pressure a t  center of the vortex. 
PC 

= surface pressure a t  a distance where the wind veloci ty  PO 

is zero. 
c -  c 

K = Poisson constant = -F+! . 
- 
P 

To = surface temperature. 

In  a hurricane, the  lowest surface center  pressure i s  probably about 950 mb 

and the surface pressure p, i s  1000 mb. 

T ~ ,  is ~ ? Q O K ,  the z x z x ~ m m  

94 m/sec. 

canes. 

280°H. 

on Mars has not been determined. 

i n  a range of 2 to  3 mb i n  the equatorial area of Mars may be possible. 

the center pressure is 2 mb lower than the surrounding surface pressure 

lahen the sea surface temperature, 

speed, f tm  the above fcnxu~a, is abet 

This is comparable t o  the maximum observed wind speeds i n  hurri- 

On Ilars, the noon-time temperature i n  the equator ia l  area is about 

The center pressure of a vortex corresponding to a t ropica l  storm 

Horrever, a disturbance of surface pressure 

I f  

= 25 mb) and K is the  same a s  on Earth, the corresponding maximum sur- (PO 

face wind veloci ty  i n  the vortex is approximately 

= 114 m/sec. vlllaX 
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For p = 3 mb, Vmax is  approximately 
C 

vmax = 140 m/sec. 

Both wind speeds a r e  larger  than the wind speed i n  a hurricane on Earth. 

From the governing equation of maximum velocity,  it i s  noticed t h a t  the 

dominating fac tor  is  the r a t i o  of the center pressure to  the surrounding 

pressure. 

25 mb, a s l i g h t  disturbance w i l l  create a severe wind storm. To obtain 

a maxhum wind equal to the m a x i m  wind speed computed f o r  a hurricane 

on Earth, a cen t ra l  pressure of 23.75 mb i s  required. It remains t o  be 

answered whether a drop of 1.25 mb i n  the surface pressure of a Martian 

storm i s  l ikely.  

sand, the heating and cooling by radiation w i l l  be rapid. 

wiii lead tw strijiig iiertital e ~ i i ~ e c t f i x i .  

observed a t  heights greater  than 10 km. 

v e r t i c a l  development and horizontal intensi ty .  A drop of 1 t o  3 mb i n  the 

center,  compared to the mean surface pressure of 25 mb, i s  a l i ke ly  possi- 

b i l i t y  under such conditions. 

Since the l a t e s t  estimate of surface pressure on Mars is  about 

If large pa r t s  of the Martian surface a r e  covered w i t h  

Such conditions 

Y e l l a ~  clouds are f=etpgxitly 

This implies storms of great  

Now l e t  us seek a second method of estimating the maximum surface 

wind on Mars. 

and the movements of yellow cloud systems on Mars suggests that t h e i r  

behavior i s  qui te  s imilar  to  hurricanes on the Earth. 

cloud system on the first observation of a se r i e s  (DeVaucouleurs, 1954) on 

An analysis of the observations of the places of or iginat ion 

The s i z e  of a yellow 
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the date October 11, 1911 is about 500 km i n  radius. 

the t rop ica l  storm on Mars (here we define the radius of a storm a s  the 

distance from the center to  a point on the circumference 

tangent ia l  wind velocity is nearly zero) is probably very close to  t h i s  

value. 

and a s s m e  tha t  the center pressure of t h i s  storm is 3 mb lover than the 

average surface pressure, and that  the surface density is SxlO-’g/cc, then, 

from the gradient rdnd formula for  a cyclonic vortex a t  about 15O l a t i t ude  

-4 (f = 0.38~10 

be calculated. 

Then the radius of 

a t  which the 

If we use t h i s  value f o r  the radius of the assumed t ropica l  storm, 

/set), the cyclonic rdnd veloci ty  i n  the t ropical  storm can 

The mean wind velocity is 

where 
- 
v =  

r =  

r =  
- 

- - 
rO 

f =  

P =  

P =  

mean wind velocity, corresponding to  the wind a t  r = - 
L 

distance from center,  

mean radius = - r 
0 

2 .  

radius of the system. 

Coriolis parameter . 
density. 

pressure. 

Based on the values of the parameters presented above, the mean veloci ty  

i n  the storm is about 
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+i - *  r- 1 a v * Lr -i; -$ ] = 52 m/sec 

I f  ~7e assume tha t  the wind velocity increases l inear ly  with distance from 

a value of zero a t  the edge of the storm to i t s  maximum value a t  the center  

of the storm, we can obtain an estimate of the maximum wind by simply 

doubling the value of the computed average wind. This results i n  a value 

of 104 m/sec f o r  the maximum wind, which i s  i n  general agreement with the 

value of 140 m/sec obtained, f o r  a similar  pressure drop, with the maximum 

wind formula discussed previously. 

Since the estimates of t h e  maximum vdnd speed based on the pure 

theore t ica l  approach and on the size of an observed dust storm a r e  i n  

reasonable agreement, the estimate of a maximum surface wind speed of about 

140 m/sec and a center pressure of the storm of about 22 m4 which i s  3 mb 

l e s s  than the mean surface pressure, 25 mb, i s  plausible. 

Although the above discussion indicates  how an estimate of the 

maximum surface wind on Mars can be derived, there i s  no indication of 

what percentage of the t i m e  such winds may occur. 

it i s  usually desirable to  have an estimate of the frequency of occurrence 

of high winds. 

be obtained. 

For design purposes, 

The following discussion indicates  how such estimates may 

Recently, Ryan (1964) and Gifford (1964) have presented estimates of 

the minimum wind speeds necessary to i n i t i a t e  dust storms i n  the Martian 
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atmosphere. The yellow clouds i n  the Martian atmosphere a re  generally 

believed t o  be manifestations of such dust storms. The minimum veloc i t ies  

obtained by these authors f o r  a height of one meter above the surface a r e  

l i s t e d  i n  Table 2. 

Ryan (1964) 

TABLE 2 

2 

I 

Gif ford (1964) 

Minimum horizontal  wind speed a t  a height of 1 meter 
necessary to  i n i t i a t e  d u s t  s to rn  (km h r 1 ) .  

Surface Model 1 Surface Model 2 
k(cm) 100 mb 10 mb 

In  Table 2, k is a measure of the  surface roughness, the pressures refer 

k(cm) 80 mb 25 mb 

t o  the surface pressure on Mars, and Ryan's Models 1 and 2 refer to  d i f fe ren t  

I ?  
80 mb 2 5 m b ,  

assumptions about the Martian surface. The var ia t ion  i n  speeds between 

0.03 40 95 60 145 I 
0.006 _- -_ 70 180 

0.003 -- -- 75 190 

Ryan's surface model 1 and Gifford's model is  mainly due t o  the difference 

0.3 14 72 

--- -- -- 
--- -- -- 

i n  assumed surface roughness, although differences i n  surface pressure and 

other necessary constants a lso contribute t o  the var ia t ion  between the two 
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authors. 

models, the important thing i s  that  these authors have developed a model 

f o r  estimating the threshold vind speeds near the surface tha t  a r e  re- 

quired t o  i n i t i a t e  d u s t  storms. If 17e assume tha t  whenever such a wind 

speed occurs on Mars, a d u s t  storm and yellow cloud w i l l  r e su l t ,  then, 

by determining the frequency of occurrence of yellotr clouds, we can 

estimate the frequency of occurrence of the threshold wind speeds. 

Regardless of the var ia t ion i n  wind speed among the d i f f e ren t  

Yellow clouds are known t o  be a r a r e  occurrence on Mars. However, 

u n t i l  recent ly  no one has ever given a quant i ta t ive  estimate of frequency 

of occurrence. Recently, Gifford (1964) estimated t h a t  yellow clouds 

displaying motion occur s l i g h t l y  more than once per opposition period, 

This estimate was based upon a search of the l i t e r a tu re ,  and f i les  and 

publications of various observatories. 

53 examples of yellow cloud motion could be found. 

reasonable estimate of the occurrence of yellow clouds i s  once per 

opposition period, 

vations of Mars a r e  only made during a two-month period around opposition, 

and tha t  a l l  the  reported observations of yellow clouds occurred during 

these two-month periods. 

yellow cloud every s ix ty  days. 

l a s t s  one day and tha t  the wind speeds necessary t o  i n i t i a t e  the cloud 

l a s t  j u s t  as long, t7e  can estimate t h a t  threshold wind speeds occur 1/60 

of the t i m e ,  

Over a period of 87 years, only 

L e t  us assume t h a t  a 

To be conservative, l e t  us fu r the r  assume t h a t  obser- 

This assumption leads t o  an estimate of one 

If we assume t h e t  the average yellow cloud 

This means t h a t  59/60 tlfs of the  t i m e  the  wind speeds a r e  
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l e s s  than the threshold value. 

fu r the r  by taking in to  consideration the area covered by the average yellow 

cloud and favored locations of occurrence on the planet. 

making such refined estimates, we should attempt to  resolve some of the 

differences in estimated threshold wind speeds. 

is planned f o r  the next quarter. 

This type of argument can be refined 

However, before 

An a t t ack  on t h i s  problem 
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SECTION 4 

MKTEOROLOGY OF JUPITER 

4.1 VERTICAL VARIATION OF RADIATIVE EQUILIBRIUM TEMPERATURES ABOVE CLOUDS 

The presence and approximate amounts of a m n i a  and methane above the 

Both clouds of Jup i t e r  have been deduced from spectroscopic observations. 

of these gases have absorption bands i n  the infrared region of the spectrum 

and should play an important ro l e  i n  shaping the v e r t i c a l  d i s t r ibu t ion  of 

radiat ive equilibrium temperature above the cloud-top. The absorption 

coeff ic ients  of these gases a r e  wavelength dependent, Therefore, t o  coolt 

pute the rad ia t ive  equilibrium temperature dis t r ibut ion,  we would l i k e  to  

develop a non-grey radiat ive t ransfer  model applicable to the Jup i t e r  

a tmsphere. 

We can divide the infrared region in to  a f i n i t e  number of spec t ra l  

in te rva ls ,  i n  each of which t h e  absorption coeff ic ient  can be considered 

constant. For each spec t ra l  interval,  we w i l l  have a di f fe ren t  opacity, 

a s  follows: 

z 
n 
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where T i s  opacity, z is height, k i s  the absorption coefficient,  and p is 

density of absorbing gas. 

in te rva ls  t o  a reference opacity, for example, t o  the opacity of the f i r s t  

spec t ra l  in te rva l  by the formula 

We can r e l a t e  the opaci t ies  of a l l  spectral  

where w 

in te rva l  t o  the absorption coefficient in the  reference spec t ra l  interval.  

The f lux  of radiat ion a t  the opacity leve l  T a t  height z can then be 

wri t ten a s  

is the r a t i o  of the absorption coeff ic ient  i n  the dth spec t ra l  n 

F(T) = F1(~)  + F2(w2') + . . . Pn(wnr). (25) 

The condition f o r  rad ia t ive  equilibrium requires tha t  

dFo=o, 
d r  

which can be m i t t e n  as  

The expressions f o r  the fluxes of radiat ion at: the leve l  r f o r  the 

various spectral  regions can be written as 
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7 
g 

F,(T) 2B1(o)E3(r) + 2JB1(t)E2(~ - t ) d t  - 2 1  Bl( t )E2( t  - .r)dt 

0 T 

F2(w2~) = 2B2(o)E3(W2T) -I- 2 B2(t)E2(W2T - t ) d t  

0 

- 2 P T g  B2(t)E2(t  - W2T)dt 

w2T 

Fn(wn~) = 2Bn(o)E3(w,r) + 2 Bn(t)E2(\gT - t ) d t  

0 

- 2 P T g  Bn( t )E2( t  - vnT)dt 

W T  n 

where B1(o), B2(o), and Bn(o) a r e  the black-body f luxes radiated by the 

cloud-top i n  the  lst, 2nd, and nth spec t ra l  region; the  E ' s  are exponential 

integrals ,  and T 

top i n  the reference spec t ra l  interval.  

i s  the opacity of t he  e n t i r e  atmosphere above the cloud- 
g 

After applying the rad ia t ive  

equilibrium condition (27) and simplifying, one can obtain the  following 

expre s s ion  

B1(') + w2B2(w2~) + ... wnBn(wn') = 

( 2 9 )  + ... Bn(t)wn 2 E l ( t r n 1 ~ - t / ) ]  d t  . 
30 



c 

A t  a par t icu lar  level, T, i n  the atmosphere, the black-body fluxes i n  each 

spec t ra l  in te rva l  depend solely on the temperature a t  t ha t  level  and can 

be determined from Planck's law. Thus, i f  one divides the atmosphere in to  

m levels ,  one can write an equation s imi la r  to  (29) f o r  each level. There 

would be (mt.1) unknowns - the temperature a t  the cloud-top and the temper- 

a tures  a t  each of the m levels  above the  cloud-top. By imposing the con- 

d i t i on  that the outgoing infrared radiat ion must balance the incoming so lar  

radiat ion a t  the top of the atmosphere, we can obtain an addi t ional  equation 

t h a t  makes it possible t o  solve for  the unknotm cloud-top temperature and 

the m unknown atmospheric temperatures. The equation of balance a t  the 

top of the atmosphere can be written a s  

r 1 

0 

4 = Q Te 

where Te i s  the e f fec t ive  temperature of the incoming so la r  radiat ion and 

u i s  the Stefan-Boltzmann constant. 

t i on  coeff ic ient  with wavelength, it is  possible to determine, from the 

Given Te and the var ia t ion  of absorp- 

numerical analogues of (29) and (30), the rad ia t ive  equilibrium temperature 

d is t r ibu t ion  from the cloud-top t o  the top of Jupi te r ' s  atmosphere. Corn- 

puter programming of t h i s  model w i l l  begin i n  the next quarter. 
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